In vitro assessment of actomyosin Mg 2ϩ -ATPase activity of myofibrillar fractions showed blunted relative ATP consumption in the relaxed state (pCa 8.0) in response to treatment with 0.5 mM H 2O2 before myofilament isolation. The effect was attributable to downstream "redox signaling," inasmuch as the direct application of H 2O2 to isolated myofibrils did not alter Mg 2ϩ -ATPase activity. Ca 2ϩ -ATPase activity, which was used as a measure of myofibrillar myosin function, was unaffected by H 2O2. Functional experiments using rat cardiac trabeculae treated with 0.5 or 5 mM H 2O2 followed by detergent extraction of membranes demonstrated increased Ca 2ϩ sensitivity of force production, a faster rate of force redevelopment, and (for 5 mM) decreased maximum tension. Biochemical analysis of myocardial samples treated with 0.5 mM H 2O2 demonstrated increased phosphorylation of two sarcomeric proteins: cardiac troponin I and myosin-binding protein-C. These changes were eliminated by a general PKC inhibitor. However, H 2O2 and the general PKC activator PMA induced different phosphorylation patterns in cardiomyocytes in which PKC-␦ was elevated by viral infection. These data provide evidence that PKC-dependent redox signaling affects the function of cardiac myofilaments and indicate modification of specific proteins through this signaling mechanism. force-pCa relationship; ATPase activity; phosphorylation; cardiac troponin I; myosin-binding protein C
A CHARACTERISTIC COMPONENT of pathophysiology in many organ systems is increased levels of ROS. Oxidative stress is believed to be elevated in most forms of cardiovascular pathophysiology, including hypertrophy, ischemia-reperfusion, myocardial infarction, and heart failure (4, 19) .
ROS include oxygen radicals such as O 2 · Ϫ as well as the nonradical species H 2 O 2 . H 2 O 2 is a relatively stable diffusible molecule that can cross membranes (19) and can be produced from other ROS (i.e., product of dismutation of O 2 · Ϫ ). In some cases, effects similar to those of ischemia or ischemia-reperfusion have been reported after the exogenous addition of H 2 O 2 (5, 6). Wang et al. (26) reported that H 2 O 2 causes left ventricular dysfunction in rat hearts in a Ca 2ϩ -independent manner, concluding that the alteration in the function of the contractile elements (i.e., their response to Ca 2ϩ ) is the principle mechanism of ROS-induced contractile dysfunction. Additionally, one group of investigators (28) reported a beneficial effect of cardiac-specific overexpression of catalase, an H 2 O 2 -scavenging enzyme, in transgenic mice.
The putative actions of H 2 O 2 on cardiac muscle include both "direct" protein oxidation and "indirect" effects of H 2 O 2 acting as a second messenger and thus participating in so-called "redox signaling." Mounting evidence has demonstrated the contribution of ROS in general and H 2 O 2 in particular to signaling cascades affecting the phosphorylation state of sarcomeric proteins. The sarcomere is the fundamental unit of muscle contraction, and point mutations of its component proteins are the source of nearly all heritable cardiomyopathies (20) . Furthermore, posttranslational changes in these proteins, such as phosphorylation, can also exert a profound effect on myofilament function and have been observed in heart failure (13) . H 2 O 2 activates protein kinases in the heart and leads to alterations in the phosphorylation of sarcomeric proteins; redox-sensitive kinases include p38 MAPK, ERK1/2, and tyrosine kinases such as Src (6, 12, 23) . Members of the PKC family, PKC-␦ in particular, are believed to be downstream of these signaling molecules and responsible for ultimately phosphorylating myofilament proteins. Sumandea et al. (24) demonstrated increased phosphorylation of cardiac troponin I (cTnI) in rat cardiomyocytes by high concentrations of H 2 O 2 in a pathway requiring PKC as well as the ability of Src-dependent tyrosine phosphorylation to modify the activity of PKC-␦. Phosphorylation changes induced through PKC signaling appear to contribute to the myofilament dysfunction observed in cardiomyocyes after end-stage heart failure (2) .
In addition to redox signaling, H 2 O 2 has also been implicated by some investigators in directly reacting with and oxidizing myofilament proteins. Various studies have suggested that H 2 O 2 causes the oxidation of sulfhydryl groups and/or the formation of carbonyls, specifically affecting the proteins actin and tropomyosin (5) and, in skeletal muscle, myosin (17) .
In performing the experiments described here, our goal was to identify the target myofilament proteins of H 2 O 2 redox signaling and their posttranslational changes in parallel with the consequences of these changes in sarcomeric function. We further sought to evaluate PKC-dependent signaling as a mechanism by which H 2 O 2 can exert these effects. Another aim of this study was to draw a distinction between actions of H 2 O 2 occuring through redox signaling and those via direct sarcomeric protein oxidation. Our data demonstrate that H 2 O 2 indirectly modifies sarcomeric function through redox signaling consistent with PKC activation, which leads to increased phos-phorylation of the sarcomeric proteins cTnI and myosin-binding protein C/C-protein (MyBP-C).
MATERIALS AND METHODS
Animals. Experiments used male Sprague-Dawley rats (200 -250 g) from Harlan (Indianapolis, IN). Animals were housed at the University of Illinois Biological Resources Laboratory, and the protocols were approved by the Animal Care and Use Committee of the University of Illinois.
In vitro assay of actomyosin Mg 2ϩ -ATPase and myosin Ca 2ϩ -ATPase activity. Ventricles were collected from rats and placed in relaxing buffer with protease inhibitors as previously described (8) . Tissue was transferred to PBS at room temperature and minced. Portions of minced tissue were then incubated with H 2O2 (0.5 mM) or PBS for 10 min. After centrifugation, pellets were homogenized twice on ice in a Dounce homogenizer with myofibrillar protein extraction buffer (60 mM KCl, 30 mM imidazole, 2.5 mM MgCl 2, and 1% Triton X-100; pH 7.0). After centrifugation, pellets were rinsed twice and rehomogenized in rinsing buffer (60 mM KCl and 30 mM imidazole; pH 7.0). Protein concentrations were assessed using the DC protein assay (Bio-Rad Laboratories). For measurements of actomyosin Mg 2ϩ -ATPase, myofibrillar protein (0.25 mg/ml) was added to the ATPase solution [60 mM KCl, 30 mM imidazole, 7.5 mM MgCl 2, 5 mM Na-ATP, and 1 mM EGTA, with Ca 2ϩ added as CaCl2 in amounts determined using the program of Fabiato (9); pH 7.0] and incubated for 7 min at 30°C before being mixed 1:1 with cold 10% trichloroacetic acid to stop the reaction. The products were developed as follows: sample supernatant (25 l) was added to 200 l of 8.75% percholoroacetic acid, 17.5 l of 5% ammonium molybdate, and 7.5 l 1-amino-2-naphthol-4-sulfonic acid (ANS) solution (3 g NaHSO 3, 0.6 g Na2SO4, and 0.05 g ANS per 25 ml H2O) and incubated 1 h. Absorbance was read at 655 nm. Each datapoint is the average of at least two replicates and is expressed as the increase in phosphate generation compared with an incubation mix stopped immediately after the addition of protein. Assessment of direct oxidation was performed similarly except that extracted myofibrillar protein was incubated during the first rinse with H 2O2 (5 mM) or rinsing buffer for 10 min.
To assay myofilament myosin Ca 2ϩ -ATPase activity, the ATPase solution consisted of 450 mM KCl, 40 mM imidazole, 5 mM Na-ATP, and 10 mM CaCl 2 (pH 7.5).
Functional analysis of skinned trabeculae. Right ventricular trabeculae were placed in PBS (Mediatech) and treated for 10 min with H 2O2 or PBS. Muscle fibers were dissected, chemically skinned using Triton X-100 detergent, and attached to aluminum T-clips as previously described (8) . Sarcomere length was set at 2.2 m by laser diffraction. Trabeculae were bathed in solutions containing a range of free Ca 2ϩ to measure steady-state isometric tension and ATPase activity as previously described (8) . To control for preparation size, cross-sectional area (for tension) and volume (for ATPase rate) were calculated based on microscopy-assisted estimates of trabeculae length and diameter. Data related to the rate constant of tension redevelopment (k tr) were obtained using previously described procedures (14) .
Myocyte isolation and cell culture for biochemistry. Experiments regarding posttranslational protein modification in response to agonists used single isolated intact ventricular myocytes as previously described (27) . Briefly, rats were anesthetized, the heart was extracted, and the coronary arteries were perfused with buffer in a retrograde fashion by cannulation of the aorta. Collagenase was added to the perfusion buffer to enzymatically disassociate ventricular cells. Isolated myocytes were washed and plated in laminin-coated culture plates to remove nonviable cells. The remaining viable cells were cultured for protein biochemistry.
H 2O2 (0.5 mM) and the general PKC activator PMA (0.1 M) were used in conjunction with inhibitors to diacylglycerol-sensitive PKCs [GF-109203X (5 M)] and tyrosine kinase [genistein (10 M) ]. In all experiments, agonists were applied for 10 min with the inhibitor (or PBS) applied 20 min before agonist application.
Protein biochemistry. After culture and agonist treatment, myocyte samples were lysed and stored at Ϫ80°C for subsequent proteomic analysis. One-dimensional SDS-PAGE was completed with 4 -20% polyacrylamide resolving gels (Pierce Chemical, now Thermo Scientific) at constant voltage (155 V). Gels were initially fixed in a 10% acetic acid-10% ethanol solution. Phosphorylated proteins were detected by Pro-Q Diamond staining (Invitrogen) according to the manufacturer's instructions. Pro-Q Diamond-stained gels were imaged with an FX Pro Plus imager (Bio-Rad). Subsequently, gels were stained with SYPRO ruby (Invitrogen) and scanned on the FX Pro Plus imager to visualize total protein.
Adenoviral construction, production, and expression of PKC-␦ was completed as previously described in detail (29) . Breifly, PKC-␦ cDNA was subcloned into pDsRed monomer-C1 (Clontech) and transferred to the AdEasy system for adenovirus production and sequence verification. Myocytes isolated as described above were plated on culture dishes precoated with mouse laminin in DMEM for 2 h and infected with virus at a multiplicity of infection of 100 for 24 h at 37°C and 5% CO 2. Adenoviral PKC-␦ construct expression was verified by Western blot analysis with a PKC-␦ antibody (Santa Cruz ). Values are means Ϯ SE; n ϭ 10. *Statistically significant difference from the untreated sample (P Ͻ 0.05). Biotechnology). After 24 h of infection, myocytes were washed with PBS and treated with either PBS or H 2O2 in PBS for 10 min. Cells were lysed with saturated urea (8.8 mM) at an equal volume to treatment. Plate contents were transferred to a microcentrrifuge tube and rapidly frozen in liquid nitrogen.
Two-dimensional (2-D) difference in-gel electrophoresis (DIGE) analyses were carried out as previously described (30) with techniques similar to those described above. Proteins extracted from PMA-treated samples were labeled with Cy3 fluorescent dye (green) and H 2O2-treated samples with Cy5 (red). The fluorescent-labeled protein samples (25 g each) were combined and separated by 2-D gel electrophoresis, with the first separation performed with an 18-cm (pI range 3-11) IPG strip (GE Healthcare) and the second separation performed with an 11% polyacrylamide gel. The obtained 2-D DIGE images were analyzed with ImageQuant software (GE Healthcare).
Statistical analysis. We used ANOVA analysis followed by a Student-Newman-Keuls post hoc test to determine significant changes in mechanical properties and levels of protein phosphorylation. k tr was compared between PBS and 0.5 mM H2O2 by a paired Student's t-test. Statistical significance for in vitro ATPase assays was assessed by a Student's t-test. Our analysis used Prism 4.02 for Windows (GraphPad Software) with P Ͻ 0.05 indicating significance.
RESULTS

H 2 O 2 -driven redox signaling, but not direct protein modification by H 2 O 2 , decreases relative Mg
2ϩ -ATPase activity under relaxing conditions. We used in vitro ATPase assays to compare the effects of direct and indirect H 2 O 2 treatment on sarcomeres from the myofibrillar fraction of rat heart homogenates. Figure 1 shows the results of in vitro measurements of actomyosin Mg 2ϩ -ATPase activity (n ϭ 10) in response to the indirect addition of 0.5 mM H 2 O 2 -in other words, we treated the sample with H 2 O 2 before homogenization and isolation of sarcomeric proteins. Relative to maximally activating pCa, ATP hydrolysis at relaxing conditions was significantly blunted in the H 2 O 2 -treated group (P Ͻ 0.05). Neither maximum activation (P Ͼ 0.5) nor relative activation at an intermediate pCa (pCa 6.0; P Ͼ 0.4) showed any significant differences between the two conditions (not shown).
To separate the effects of direct oxidation of the sarcomeric proteins from those of redox signaling, we also performed experiments that incorporated the direct addition of a high dose of H 2 O 2 (5 mM) to isolated myofibrils from rat hearts (n ϭ 7) after, rather than before, homogenization and detergent extraction (Fig. 2) . We did not find significant changes in ATP consumption at either resting (P Ͼ 0.8) or maximally activating (P Ͼ 0.25) Ca 2ϩ concentrations compared with controls. Thus, our findings indicate that this effect of H 2 O 2 on sarcomeric function occurs indirectly through redox signaling rather than through direct protein modification.
H 2 O 2 has no effect on myosin ATPase activity. To ensure that the above effect of H 2 O 2 was not due to action on myofilament myosin function independent of the contribution of thin filament interactions, we performed an assay for myosin Ca 2ϩ -ATPase activity (Fig. 3) . In n ϭ 7 rat heart preparations, (indirect) treatment with 0.5 mM H 2 O 2 did not alter the rate of Ca 2ϩ -ATP hydrolysis by myofilament myosin (P Ͼ 0.8).
Myofilament function is altered after H 2 O 2 treatment in trabeculae.
To assess in detail the consequences of indirect H 2 O 2 treatment for sarcomeric function, we performed functional investigations on trabeculae from rat hearts. We measured tension-Ca 2ϩ and ATPase-Ca 2ϩ relationships with and without the addition of 0.5 mM (n ϭ 6) or 5 mM (n ϭ 4) H 2 O 2 before detergent skinning to extract membranes. As shown in Fig. 4A and Table 1 , the Ca 2ϩ sensitivity of force generation of the cardiac sarcomeres increased as a consequence of treatment with 0.5 mM H 2 O 2 . Maximum tension was not altered, nor was the tension cost (energy consumption per unit force), a measure dominated by the exit of cross-bridges from the force-generating state. k tr , a measure of the transition rate of cross-bridges to the force-generating state, increased in the H 2 O 2 -treated group relative to the PBStreated group. The concentration of 5 mM H 2 O 2 elicited a change in Ca 2ϩ sensitivity similar to that of the lower concentration while also causing muscle damage that significantly reduced force generation under maximally activating conditions. The maximum ATPase rate was not significantly altered by H 2 O 2 treatment at this concentration (Fig. 4B) ; thus, the tension cost was elevated in the 5 mM ). Values are means Ϯ SE; n ϭ 6 control trabeculae and 4 H2O2 (5 mM)-treated trabeculae. See Table  1 for summary data. treatment group only. Functional findings are shown in Table 1 .
Redox signaling increases net TnI and MyBP-C phosphorylation in cardiomyocytes through a PKC-dependent mechanism.
We assessed the effect of H 2 O 2 on the phosphorylation state of sarcomeric proteins by ProQ Diamond phosphoprotein stain after the electrophoretic separation of lysed cardiomyocyte samples. Other agonists and antagonists were also used to determine to what extent H 2 O 2 redox signaling was PKC dependent. Figures 5 and 6 show Ser/Thr phosphorylation of sarcomeric proteins. A representative ProQ-stained gel is shown in Fig. 5A . Figure 5B shows SYPRO ruby staining for total protein in the same gel. Figure 6 quantitatively shows the total phosphorylation of cTnI and MyBP-C in these experiments. Phosphorylation of these two proteins was elevated above that observed in PBS-treated samples by the addition of 0.5 mM H 2 O 2 , an effect similar to treatment with the PKC activator PMA. For MyBP-C, H 2 O 2 triggered a greater increase in phosphorylation than PMA; the effect on cTnI phosphorylation was comparable between the two treatments. These changes were inhibited to near-control levels by treatment with GF-109203X, an inhibitor of PKC signaling. These data indicate that H 2 O 2 alters the posttranslational state of myofilament proteins via PKC-dependent redox signaling.
For H 2 O 2 , but not PMA, the above changes in phosphorylation were also partially inhibited by treatment with the protein tyrosine kinase inhibitor genistein. This finding suggests that the action of redox signaling on kinases and phosphatases occurs in part, but not entirely, through the activation of tyrosine kinases. It also demonstrates a difference between the ultimate effects of H 2 O 2 and those of a "typical" PKC activator.
To obtain further detail about the phosphorylated proteins, we performed 2-D DIGE analysis of samples treated with PMA and H 2 O 2 . This technique allows two samples to be mixed and compared by isoelectric focusing and SDS-PAGE on the same gel. These cells overexpressed wild-type PKC-␦, as driven by adenovirus infection of enzymatically isolated adult cardiomyocytes. As this kinase is not highly abundant in adult myocytes, transfection was performed to amplify its effects. In the representative gel shown in Fig. 7A , PMA-treated proteins were labeled with Cy3 fluorescent dye (green), whereas the H 2 O 2 -treated sample was labeled with Cy5 (red); for species that appear in equal abundance in both samples, the overlap regions are yellow. The regions representing cTnI and MyBP-C are shown in Fig. 7 , B and C. The MyBP-C pattern showed a clear right-to-left shift from green to yellow to red, indicating that H 2 O 2 caused a shift to a lower pH and, thus, more phosphorylations at multiple sites on the protein. This is consistent with the data described above showing a greater increase in net Ser/Thr phosphorylation compared with PMA. cTnI, on the other hand, did not display a simple shift. Instead, there were distinct poly-phosphorylated (low-pH) spots, two of which 5 . Stained SDS-PAGE gels showing levels of myofilament protein phosphorylation after treatment with H2O2, the PKC agonist PMA, and inhibitors. A: phosphorylation levels of proteins from isolated rat cardiomyocytes were compared after treatment with agonists and inhibitors (as specified) using SDS-PAGE separation (15 g total protein/ lane) and ProQ Diamond phosphoprotein stain. B: the gel from A was stained with SYPRO ruby to normalize for loading. Concentrations were as follows: H2O2, 0.5 mM; PMA, 0.1 mM; GF-109203X, 5 M; and genistein, 10 M. cTnI, cardiac troponin I; MyBP-C, myosin-binding protein-C/C-protein. The dark vertical lines indicate that irrelevant lanes were cropped during the preparation of this article. n ϭ 6. were more abundant after H 2 O 2 (leftmost, slightly so, and third from the left) and one that was more abundant after PMA treatment (second from the left). This finding further supports the overall notion that although the actions of H 2 O 2 are PKC dependent, redox signaling produces a unique phosphorylation pattern in target proteins that only partially overlaps with that of direct general PKC activators such as PMA.
DISCUSSION
In this report, we investigated a mediator of oxidative stress, H 2 O 2 , and its interactions with component proteins of the cardiac sarcomere. Our data demonstrated that a predominant effect of altered redox state in affecting cardiac myocyte function involves altered signaling to the myofilaments rather than direct modifications of sarcomeric proteins. For the first time, we combined parallel functional and biochemical experiments to connect H 2 O 2 -induced posttranslational effects on individual proteins with functional consequences in the rat myocardium.
Precedent exists to postulate dose-dependent effects of H 2 O 2 (12) . Many of our findings using 0.5 mM H 2 O 2 , however, mirrored those using 5 mM H 2 O 2 . The increase in Ca 2ϩ sensitivity shown in Fig. 4A was similar at both concentrations, whereas the accompanying increase in TnI phosphorylation (Figs. 5 and 6 ) matched previously reported data with 5 mM (24). At 5 mM, H 2 O 2 also caused severe inhibition of myofilament force generation, as shown by the reduction in maximum tension not seen at 0.5 mM (Fig. 4A) . Experimental concentrations of H 2 O 2 have varied widely among studies, and likely among in vivo conditions as well, but some estimates have suggested extracellular concentrations of 0.1-1 mM as a relevant approximation of pathophysiological oxidant stress to cardiac cells (19) . Therefore, the experiments presented here used 0.5 mM H 2 O 2 to represent a form of oxidative stress also seen in cardiac pathology.
Our findings included a decrease in relative in vitro actomyosin Mg 2ϩ -ATPase activity in the relaxed condition as a result of H 2 O 2 redox signaling. This finding is somewhat counterintuitive given that H 2 O 2 increases the Ca 2ϩ sensitivity of force development in rat cardiac sarcomeres. One speculative explanation is that H 2 O 2 interferes with the small amount of baseline actin-myosin interactions but that this effect is masked during muscle contraction. Another study (17) of the effect of high concentrations of H 2 O 2 on rabbit psoas muscles implicated the oxidation of myosin in some but not all components of the response to H 2 O 2 . However, we did not detect an effect of H 2 O 2 treatment on Ca 2ϩ -ATPase activity, an assessment of myofilament myosin enzymatic activity and a proxy for myosin function. Alterations of this protein do not appear to be responsible for differences we observe in systems measuring the interaction of thick and thin filaments in the myofilament lattice.
In the course of our investigation, we drew a distinction between the direct and indirect effects of H 2 O 2 . ROS have multiple potential mechanisms of protein modification; they may act "indirectly" through the process of redox signaling or "directly" by oxidizing their targets. As shown in Figs. 2 and 3, ATPase activity was influenced by H 2 O 2 in the present study only if it was added before the detergent treatment, while the membranes and cytosolic signaling cascades that allow for indirect redox signaling were present. In contrast, when we added H 2 O 2 to the isolated myofibrillar preparation after homogenization and detergent extraction, we did not detect this effect, even at high concentrations. In broad agreement with this result, unpublished observations from our laboratory have demonstrated no effect of direct H 2 O 2 treatment on myofilament function in the mouse myocardium, as measured by the force-Ca 2ϩ relationship in skinned papillary muscle fiber bundles. It has been reported that in rat skeletal muscle, direct H 2 O 2 treatment does not affect Ca 2ϩ sensitivity of skinned fibers, although it may have a minor effect on maximum tension generation at concentrations at or above 5 mM (16); the investigators go on to argue that there is "little support for the contractile filaments being a major target site for the oxidative modification of contractile function." On the other hand, Prochniewicz et al. (17) treated detergent-skinned rabbit skeletal muscle fibers with high concentrations of The histograms compare relative levels of phosphorylation of the myofilament proteins cTnI and MyBP-C, indicating differential agonist-induced, PKCdependent phosphorylation. Numbers represent percent increases compared with the PBS-treated control sample. P, PMA; GF, GF-109203X; Gen, genistein; H, H2O2. *Statistically significant difference compared with the untreated sample (P Ͻ 0.05); †statistically significant difference compared with the antagonist-free sample with the same agonist (PMA or H2O2) (P Ͻ 0.05); ‡statistically significant difference compared with the PMA-treated sample (P Ͻ 0.05). Values are means Ϯ SE; n ϭ 6. H 2 O 2 (5-50 mM) and reported a decrease in both maximum developed force and pCa 50 . These investigators found an increased activation of sarcomeres at low Ca 2ϩ concentration (resting tension and ATP consumption), whereas we did not observe any effect on ATPase activity after direct H 2 O 2 application to our cardiac muscle samples. Our finding of a lack of a functional effect does not necessarily contradict reports from some investigators that sarcomeric proteins may be directly targeted by oxidative stress. For example, Canton (5) found evidence for oxidized products of actin and tropomyosin after Langendorff perfusion of rat hearts with 1 mM H 2 O 2 . However, to our knowledge, such modifications have not been causally linked with sarcomere performance. Another topic of recent interest is the potential for oxidative modification of titin either at baseline or under oxidative stress (10) . Our accumulated findings strongly suggest downstream indirect signaling, rather than direct oxidation, as a key contributing mechanism for the effects of ROS such as H 2 O 2 on the myocardium.
As far as we are aware, ours is the first characterization of the cardiac sarcomeric response to H 2 O 2 to specifically incorporate the important indirect effects of the oxidant by treatment with H 2 O 2 before detergent extraction. Contractile dysfunction after H 2 O 2 perfusion has been previously established, as assessed via measurements of left ventricular pressure development (26) . However, it should be noted that this system also incorporates the effects of altered Ca 2ϩ fluxes and nonmyocyte cells rather than measuring sarcomeric function directly. Muscle fiber bundles subjected to detetergent extraction have previously been used in studies of H 2 O 2 's effect on noncardiac muscle types. Investigators using fiber bundles obtained from the rabbit diaphragm found a transient increase followed by a sustained decrease in maximum Ca 2ϩ -activated tension, no change in Ca 2ϩ sensitivity, and increased passive tension after the addition of 40 M H 2 O 2 (7). The results contrast with those of the present study and may simply be attributable to differences in species, muscle type, and experimental conditions. It may also be of consequence that diaphragm muscle expresses slow skeletal TnI, which is nonphosphorylatable.
We observed an increase in phosphorylation of two important sarcomeric components after indirect H 2 O 2 treatment. This is likely to be related to our functional data, considering the established connection between the posttranslational modification of myofilament proteins and changes in functional properties. Inhibition of PKC activity impairs this effect, whereas PMA partially mimics it, providing strong support for the hypothesis of PKC as the downstream effector of the myocardial response to H 2 O 2 . We did not observe alterations in maximum tension development or maximum ATP consumption, which contrasts with some reported PKC effects (2) . It is notable that increased PKC expression has been observed in end-stage heart failure (2, 25) and that its reported net effect on Ca 2ϩ sensitivity also parallels our observed effect of H 2 O 2 treatment. Enhanced phosphorylation of cTnI by H 2 O 2 that is abolished by a PKC inhibitor has previously been demonstrated in cardiomyocytes (24) ; these experiments used 5 mM H 2 O 2 to initially establish an effect in principle. Data from the present investigation extend this finding to the more physiologically relevant concentration of 0.5 mM. We also, for the first time, implicate MyBP-C as an additional target of H 2 O 2 -driven PKC modification.
Our data also indicate that a portion of redox signaling involves protein tyrosine kinases, since, in contrast to PMA, the effect of H 2 O 2 was partially inhibited by genistein. Tyrosine kinases can, in turn, activate PKC and other kinases and phosphatases that act on the sarcomere. In particular, a previous study by our laboratory (24) demonstrated that the redox-sensitive kinase Src is an upstream effector of PKCs (i.e., PKC-␦) that alters the phosphorylation state of sarcomeric proteins, including cTnI. The data describe PKC-␦'s stimulus-dependent activation, such that activation of this kinase by H 2 O 2 /Src targets it differently with respect to myofilament protein substrates than activation by other stimuli. This is consistent with our observations of differential phosphorylation patterns between H 2 O 2 and PMA stimulation of cardiomyocytes overexpressing PKC-␦. In any case, PKC-␦ is a particularly relevant kinase since it, like ROS, has been implicated in ischemiareperfusion conditions as well as being correlated with heart (18, 21) . However, phosphorylation at Thr 144 , a modification connected in in vitro assays with the activation of PKC-␦ by Src (24) , has been found to sensitize myofilaments to Ca 2ϩ in some (25) , although not all (3), studies. A potential, albeit highly speculative, explanation for these findings is therefore that H 2 O 2 redox signaling activation of PKC-␦ might lead to TnI phosphorylation at Thr 144 , causing the observed increase in Ca 2ϩ sensitivity. MyBP-C phosphorylation was also increased by H 2 O 2 in a PKC-dependent manner in the present study. Universal agreement does not exist concerning the importance of the MyBP-C phosphorylation state on sarcomeric function compared with cTnI phosphorylation. Some authors (15, 22) have linked the MyBP-C phosphorylation state to kinetics of contraction and force generation. In particular, Stelzer et al. (22) presented the argument that MyBP-C phosphorylation is the principal mediator of the PKA-induced increase in cross-brige kinetics and its functional consequences. This is broadly consistent with our findings, which include an acceleration of cross-bridge kinetics in response to H 2 O 2 stimulation. The data shown in Fig. 6 here are consistent with previous work indicating that, like cTnI, this protein contains multiple sites of posttranslational modification (30) .
In summary, this study describes the chemical modification of the rat cardiac sarcomere by 0.5 mM H 2 O 2 through indirect redox signaling via PKC and the consequent changes in the contractile properties of cardiac muscle. Improved understanding of the cardiac effects of oxidative species in experimental systems is an important step toward medically characterizing and coping with the oxidative stress that the heart experiences in pathophysiological conditions.
